A major limitation of existing operational systems when applied to forecasting or synthesizing streamflow from snowmelt on watersheds in many parts of central and northern Canada is that they are incapable of accurately simulating the process of infiltration into frozen soils. The results and discussion in the paper provide a method of overcoming the problem in areas of climatic and physiographic conditions similar to those of the Prairics.
Introduction
A number of models have been developed for synthesizing or simulating streamflow from snowmelt, for example the United States Weather Service river forecasting system (NWSRFS) (United States Department of Commerce 1972; Anderson 1973; Peck 1976) , the streamflow simulation and reservoir regulation model (SSARR) (United States Army, Corps of Engineers 1972), the Hydrologic Engineering Centre HEC-I flood hydrograph package (United States Army, Corps of Engineers 1973) , the United States Department of Agriculture hydrograph laboratory model USDAHL-74 (Holtan et al. 1975) , the HBV of the Swedish Meteorological and Hydrological Institute (Bergstrom 1978) , and the University of British Columbia watershed and flow model (Quick and Pipes 1972) . Of the systems that have been generated no one model has been accepted for universal use. Similarly, in Canada there is no unanimity among Provincial water management agencies, responsible for operational streamflow forecasting, in the choice of a model that best satisfies their requirements and produces the most reliable and accurate results. Only recently the Ministry of Natural Resources, Province of Ontario, tendered a study of the suitability of 18 snowmelt subroutines used in existing, established models for interfacing and use in their streamflow forecasting system (MacLaren Plansearch 1984) . Ongoing tests are being conducted by the World Meteorological Organization and other bodies on the performance of a number of the "better known" models under different physiographic and climatic conditions of the world.
Each model differs from another in some manner, either as it calculates hydrological components or simulates the processes of snow-cover accumulation and ablation, evaporation, infiltration, changes in soil moisture storages, and flood routing. The extent of these differences varies widely depending on the parameter or process under consideration and the systems that are compared. In most cases they can be associated with differences in physiographic conditions, e. g . , climate, topography, vegetation, and the soils of areas where the models were developed. One should not expect a system developed in a given region, for example a forested, mountainous area having deep snow covers, to provide accurate and reliable streamflow forecasts when applied to a region of completely dissimilar characteristics, for example a cultivated, flat Prairie watershed, because the relative importance of different hydrological components to the runoff process will differ appreciably. Even when a model is applied to an area similar to that where it was developed, extensive calibration and testing of its performance are recommended and usually necessary.
Infiltration is one of the most important factors affecting streamflow, and hence the quality of performance of a streamflow model is directly related to the accuracy with which this parameter is evaluated. In most operational systems infiltration is estimated ( I ) by procedures that involve dividing the soil profile into zones having different soil moisture storages, which are filled (infiltration) or emptied (evaporation, drain-age) at different rates; (2) from infiltration equations such as those reported by Horton ( 1940) and Holtan ( 196 1); or (3) from empirical relationships based on groundwater storage characteristics, usually the recession of the streamflow hydrograph of base flow. These methods of indexing infiltration potential for synthesizing streamflow from snowmelt on many watersheds in Canada are restricted in their application primarily because ( I ) no attempt is made to distinguish differences in the infiltration process into frozen and unfrozen soils; and (2) many streams, particularly in northern and central Canada, are "ephemeral"; i.e., flow only occurs following a rainfall or snowmelt event, and the recession properties of the hydrograph do not index the soil moisture storage potential of a basin. Therefore, a new approach is needed for simulating the infiltration process in operational streamflow forecasting systems. The material presented herein details the development and evaluation of a "first-generation" infiltration model for frozen Prairie soils.
Development of a snowmelt infiltration algorithm
for frozen soils Based on approximately 15 years of study of the snow hydrology of the Prairie region, the results of infiltration studies under similar climatic regions of the USSR reported in the literature (Motovilov 1978 (Motovilov , 1979 Popov 1973) , and the findings of a comprehensive field study of infiltration into frozen soils conducted by the Division of FIydrology, University of Saskatchewan, during the past 5 years in the Dark Brown and Brown soil zones of Saskatchewan (Granger et al. 1984) , it is postulated that the infiltration potential of frozen soils may be grouped in three broad categories, namely, restricted, limited, and unlimited ( Fig. 1) .
Restricted-Infiltration is impeded by an impermeable layer, such as an ice lens, on the soil surface or within the soil close to the surface. For practical purposes the amount of meltwater infiltration can be assumed to be negligible, and most of the snow-cover water equivalent goes to evaporation or direct runoff. Occurrences promoting this condition include rainfall or snowmelt late in the fall near the time of freeze-up, and melt and rainfall-freeze events during winter or prior to continuous melt. The condition can usually be easily identified from visual field observations of ice on the soil surface, by probing the snow cover and soil to determine the extent and depth of ice lenses, or by inference from climatological data.
Limited-Infiltration is governed primarily by the snowcover water equivalent and the frozen water content (ice content) of a shallow layer of soil, 0-30 cm.
Unlimited-A soil in this condition contains a high percentage of large, air-filled, noncapillary pores or macropores at the time of melt, and most or all the snow water will infiltrate. Examples of soils having these properties are dry, heavily cracked clays and coarse, dry sands.
In the above classification it is evident that when evaporation and storage losses are neglected the runoff coefficients to be assigned to soils whose infiltration potentials are defined as "restricted" or "unlimited" in a practical modelling scheme would be 1.0 or 0, respectively. Thus, the problem remaining is one of defining the relationship between infiltration, snowcover water equivalent, and frozen soil moisture content for the limited case. This can be done using the results reported by Granger et al. (1984) . ' They found that in uncracked frozen Prairie soils in which the entry of meltwater was not impeded (a) the average depth meltwater penetrated a soil during the melt period was 26 cm (standard deviation = 10 cm); and (b) the amount of snowmelt infiltration was inversely related to the average moisture content of the frozen soil layer, 0-30 cm, at the time of melt. Based on these findings they derived a set of equations defining the interrelationships between snowmelt infiltration (INF), snow-cover water equivalent (SWE), and the premelt moisture content of the 0-30 cm soil layer (0,). For practical purposes and for cases where SWE > INF these results can be approximated by the equation
in which INF and SWE are in millimetres and 0, is the degree of pore saturation in cubic centimetres per cubic centimetre.
Equation [I] can be solved for INF when SWE and 0, are known. It is expected that any water management unit whose responsibility is forecasting streamflow from snowmelt would have snow-cover data available. Hence the major obstacle to its use is that it requires an estimate of the premelt moisture content (0,). Gray et al. (1983) reported that changes may occur in the moisture regime of a Prairie soil over winter because of moisture transfer as a vapor across the soil-air or soil-snow interfaces, the infiltration of water from mid-winter snowmelt or rain events, and the migration of water in response to the freezing action. In the absence of mid-winter infiltration usually a loss (decrease in the soil moisture content from that measured at the time of freeze-up) occurs from the 0-30 cm soil layer, whereas the frozen soil profile below 30 cm shows either a gain or little change, depending on such factors as the fall soil moisture condition, the depth to a water table, and soil texture. From an analysis of data collected in a study of overwinter soil moisture changes (see Gray et ul. 1983; Granger et al. 1984) it was found that the soil moisture of the 0-30 cm layer in the fall (0,) could be used to index the moisture content at the time of melt (0,). The "best-fit" regression equations describing the relationships were, for fallow lands, and for stubble lands in which 0, and 0, are expressed as a percent moisture by volume. The values of the correlation coefficient and the standard deviation from regression of [2n] and [2b] are 0.85 and 0.91, and 3.29 and 3.38% by volume, respectively. In review of the equations it is evident that the overwinter soil moisture losses from fallow are greater than those under stubble. This is attributed mainly to differences in snow cover as a result of the land uses; in fact, it is likely that some of the fallow sites were not snow covered over the entire winter period.
Sequencing infiltration quantities-the limited case
The above material details procedures and relationships that can be applied to estimate infiltration into frozen soils for the limited case. For these data to be employed in an operational forecasting system, information is neided on the variation in the infiltration rate with time during the melt sequence. As discussed by Gray et al. ( 1 970) and Granger et al. (1 984) , the shape of a snowmelt infiltration curve varies widely depending on such factors as the rates and patterns of snowmelt and snow-cover runoff, the existence of impermeable layers within the snow cover and soil. the content and distribution of ice in the frozen soil at the time of melt, and others. Figure 2 shows some characteristic dimensionless cumulative infiltration curves for frozen Prairie soils. These graphs were generated from point measurements of soil moisture changes made during snow-cover ablation in 1978, 1979 , and 1980 assuming continuous. uninterrupted infiltration; i.e., nonmelt days were excluded and the period of infiltration (t(1NF) in Fig. 2 ) was reduced accordingly. Although the data in Fig. 2 exhibit considerable scatter, two general patterns are evident: an "advanced pattern, in which most of the infiltration occurs early in the melt sequence, and a "delayed" pattern, in which the infiltration rate progressively increases throughout the melt period. The advanced pattern typifies infiltration from the rapid melt of a shallow snow cover. The delayed pattern reflectsan increase in infiltration with time primarily as a result of an increase in the melt rate caused by such factors as increases in net radiation and the amount of energy advected from snowfree areas (patchy snow-cover conditions) and changes to the physical properties of the snow cover and frozen soil that occur over the ueriod of ablation.
In view of the strong dependency of infiltration on snowmelt, a realistic approach to sequencing the infiltration potential (volume calculated from [I] ) is to allow the output from the ablation routine of a model to be the dominant factor establishing the pattern. With this procedure, three approaches of simulating the infiltration process in frozen soils seem (I) Assume that up to the time the snowmelt infiltration potential of a frozen soil is satisfied all meltwater released by FIG. 2. Dimensionless cumulative infiltration curves of the ratio of thc amount of infiltration to time t (INF(1)) to the total snowmelt infiltration (INF) versus the ratio of the time from the beginning of infiltration (t) to the period of infiltration (t(1NF)) for continuous, uninterrupted snowmelt events.
the snow cover enters the soil. That is, the infiltration rate is taken equal to the rate of meltwater release and no snow-cover runoff enters a stream channel. This procedure has the advantages that it is direct, simple, and easy to program. However, it has the disadvantages that it considers a frozen soil has an unlimited capability of absorbing water during the early part of melt, the infiltration process does not continue throughout the entire ablation period, and the time of snowcover runoff is set directly by the ablation subroutine of the system. It is expected that this procedure of modelling infiltration would provide better results in the case of a slow melt than that of a rapid melt.
(2) Assume infiltration to be a constant percentage of the amount of meltwater released by the snow cover. This approach has the same advantages as the previous one (1). In addition it allows infiltration to continue throughout the period of ablation and can be used for both advanced and delayed melt patterns. The major limitation to the method is that it ties the infiltration process directly to the snow cover ablation sequence both in timing and magnitude, trends that cannot be rationalized on a physical basis.
(3) Assume the infiltration rate of a frozen soil during a period of continuous melt is a constant; i.e., the shape of the cumulative infiltration -time curve (Fig. 2) is linear or uniform. This approach is similar to the "index method" commonly used in calculating rainfall-runoff relations for unfrozen soils (Linsley et ul. 1949) . Whereas the assumption leads to a more complicated simulation routine than those required with the other procedures (1 and 2), an advantage is that to a limited extent it decouples the processes of infiltration and snowmelt. However, output from the snow-cover melt subroutine will remain a controlling factor governing the infiltration pattern. The effects of a discontinuous, interrupted melt on the snow-cover water equivalent, the infiltration potential of a frozen soil, and the timing and magnitude of snow-cover runoff can be built into the infiltration algorithm.
A major problem in applying the third procedure (3) is one of deciding the "snowmelt infiltration index." It was found for
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Model testing and evaluation General (1) In the past 12 years extensive investigations of the hydrology of the Bad Lake watershed, of which the Creighton Tributary forms a part. have been conducted. Considerable experience has been gained on the snow hydrology of the region and a data base of hydrological parameters has been established. Specifically, on the Creighton Tributary in 1973 -1974 and 1974 -1975: (a) comprehensive snow surveys were conducted to establish the snow-cover water equivalent by procedures outlined by Steppuhn and Dyck (1974) ; (b) measurements of the "fall" soil moisture content were made with a neutron gaugc at 23 sites in fields located immediately adjacent tively shallow snow cover. Based on these findings and subtransitional zone dividing glacial and lacustrine soils that insequent analysis (see later discussion) it is suggested that a clude the two principle soil series: Haverhill silty clay and clay period of infiltration of 6 days be used to establish the index, loams~ and Sceptre 'lay.
i.e., snowmelt infiltration index (mmlday) = infiltration (2) The NWSRFS was chosen because: (a) a copy was operapotential (mm) + 6 days. This recommendation is also based tional on the HP 1000 computer system used for the calcuon two other major considerations: it is highly unlikely that lations; (b) the system has been previously tested and calibrated a design snow cover, one capable of producing maximum flow on the Creighton Tributary (Cram 1976; Wells 1976 (Division of Hydrology 1977) . Note that it is not a primary Snowmrlt infiltration model objective of this paper to evaluate the performance of the Figure 3 is a schematic representation of the snowmelt infil-NWSRFS but rather to use the system for generating melt tration subroutine for the case where infiltration is a fixed quantities from the snow cover and for channel routing and to percentage of the amount of meltwater released by the snow study the relative improvement of the system in hydrograph cover. The first step must be performed by the model user. This synthesis as a result of replacing its land subroutine with difinvolves classifying parts of a watershed according to their ferent infiltration models. It should also be noted the time step infiltration potential. For each subarea classed as limited the of 6 h used by the system is very large for a watershed the size program calculates O,, the premelt soil moisture, using soil moisturc (O,,) , inriltration (INF), and runoCC statistics for thc Crcighton Tributary for thc wintcrs of 1973-1974 and 1974-1975 and "All land in stubble assumed to fall in the unlimited class in 1974. Decision based on the Ibllowing: ( I ) extremely dry fall resulted in soil moisturc condition ncar or below wdtinp point: and (2) ticld ohscrvations of melt and runoff sequences showed only small an~ounts of runoff from rnany fields of stubble.
C a l c u l a t e d D a l l y Snow-cover A b l a t i o n or S n o w m e l t Amounts f r o m Snow A b l a t i o n R o u t i n e D S R O -
'Rcsidual = SWE -INF -mcasurcd runoff; i.e., the unaccounted for volume presumably lost to storagc and evaporation.
runoff.
These calculations were completed for the Creighton watershed using data for two winters, 1973-1974 and 1974-1975 , which had contrasting snow-cover and premelt soil moisture conditions. The winter of [1973] [1974] was a year of nearrecord snowfall, which produced an average depth of snow cover on the watershed of 55.6 cm and a snow-cover water equivalent of approximately 143 mm. It was preceded by a warm, dry fall in which the average moisture content of the surface layer of soil (0-30 cm) was very low, especially in those soils having crops the preceding summer (-15% by volume). In contrast, conditions during the winter of 1974-1975 could be likened more closely to "normal." The average depth and water equivalent of the snow cover were 29.9 cm and 7 1 mm, respectively, and the average fall soil moisture content was 27.4% by volume.
The results of the water-budget calculations are given in Table I . From these data it can be shown that the runoff volumes calculated as the difference (areally weighted SWE -INF) are in reasonably closc agreement with the measured volumes obtained from the streamflow hydrographs. The ratio of calculated to measured volume was 1.02 in 1973-1974 and 1.17 in 1974-1975 . The residual (SWE -INF -measured menon has been observed in subsequent years in fields of the same soil type (Sceptre clay) at higher moisture levels than those measured in the fall of 1973. In addition, field observations during snowmelt in the spring of 1974 showed runoff from stubble land to be highly variable. On some fields small but measurable surface flows were observed; on others the volumes werc insignificant with respect to the snow-cover water equivalent. Also, the results of snowmelt runoff studies conducted on small areas (microwatersheds) located in the Bad Lake watershed close to the Creighton Tributary reported by Erickson el al. (1978) showed significantly lower amounts of surface runoff from stubblc in 1974 than the quantities generated in other years for the same energy index of melt. One can only postulate the exact division of the total area of the watershed into unlimited and limited classes. Figure 4 shows observed and simulated hydrographs for the Creighton Tributary for 1974. The simulated hydrographs were generated using a common set of input data (for example, air temperature, snow-water equivalent, and others) and routing parameters required for the calculations and are listed in thc runoff), expressed as an equivalent average depth of water over figure as "original" (the NWSRFS was operated with its the area, was 1.0 mm in 1973-1974 and 5 .8 mm in existing land phase subroutine, using soil moisture storage [1974] [1975] . lt is considered that the agreement in calculated coefficients suggested by previous works (Cram 1976 ; Wells and measured volumes is acceptable considering the level of 1976)) and "reviscd" (the land phase subroutine was replaced accuracy with which the different terms could be evaluated by an infiltration model in which infiltration was taken as a and the fact that evaporation and storage losses have been constant percentage of the meltwater released by the snow neglected. cover). The major features to be noted in Fig. 4 are the followThe assumption that the infiltration potential of the total area in stubble in [1973] [1974] is in the unlimited classification (see Table I ) is subject to question because the extent of soil cracking was not recorded. It is known, however, from field experience of the interaction of soil moisture and soil cracking of the lacustrine clay of the area and field observations of snowmelt runoff during the melt sequence in 1974 that it would be incorrect to describe the infiltration potential of the watershed in 1973-1974 as limited. Soil cracking was assumed to be extensive because of the dry conditions, and the phenoing.
Comparison of streamflow hydrographs from original and revised NWSRFS
(1) The NWSRFS system operatcd with the land phase in an original mode grossly underestimated the volume of runoff. The calculated and observed volumes, expressed as an equivalent depth of water on the basin, were 1.5 and 42.2 mm, repectively; in 1975 they were 0.9 and 34.5 mm. These large differences can be attributcd directly to the poor simulation of infiltration by the system and suggest that the land phase subroutine of the NWSRFS should not be used to simulate infiltration into frozen Prairie soils without major modifications or adjustments. It is likely, however, that there is sufficient flexibility within either the subroutine or other parts of the system that by varying different soil moisture storages, the infiltration index, and other parameters a reasonable simulation of streamflow discharge cbuld be achieved. This procedure is tenuous and not recommended because it cannot be justified physically.
(2) There is an improvement in hydrograph simulation obtained with the revised system. An accepted measure of agreement between observed (9,;) and simulated flow (9,;) is the nondimensional parameter R' defined by the equation (Nash and Sutcliffe 1970) in which n is the number of values at evenly spaced time intervals; q,, is the mean of the observed flows; and R2, termed "efficiency," is analogous to the coefficient of determination (that is, the closer the positive value is to unity the closer the agreement between observed and simulated hydrographs). The values obtained with the original and revised systems were -0. 35 and 0.74, respectively. (3) In comparing the observed hydrograph with that produced by the revised system it is evident that the shapes of the two c u k e s are in reasonable agreement although the time elements of the simulated curve are shifted to the left. The trend to early runoff is characteristic of synthesized hydrographs generated under the assumption that infiltration is a fixed percentage of the amount of meltwater released by the snow cover, particularly for a delayed melt sequence, because even small amounts of melt will produce runoff. Also, part of the offset between synthesized and observed hydrographs can likely be attributed to improper simulation of the effects of different storage elements on the translation of melt quantities, possibly as a result of an incorrect evaluation of different parameters used by the system. Note that the two curves could be easily aligned through adjustment to the time-area inflow histogram or basin lag. An important feature is that if the simulated hydrograph were shifted to a position of best fit there would be good agreement in the two curves. This suggests that in this particular year (1974) the snow-cover ablation routine of the NWSRFS provided a reasonable simulation of the melt sequence. Recall that snowfall in the winter of [1973] [1974] was much above normal and produced a deep snow cover, which would more closely approximate conditions under which the system was developed; that is in contrast with snow-cover conditions of a normal year on the Prairies. the initial value of the snowmelt infiltration index was taken equal to the average rate required to infiltrate the infiltration potential in 6 days. Prior to discussing these results it is important to emphasize that the primary objective of this study is to investigate the relative changes in different aspects of hydrograph shape, principally the time elements, resulting from the use of the different infiltration routines when interfaced with an operational system. Poor agreement between observed and simulated hydrographs could be caused by numerous factors such as incorrect simulations of hydrological processes (for example, snowmelt or storage effects) by the system and inaccuracies in the selection of model parameters. One should therefore not conclude that the NWSRFS is unable to provide a reasonable synthesis of streamflow. In addition, the reader must recognize that the volume of runoff in each year is fixed, hence unaffected by the simulation routine. In 1974 it was 102% of the observed flow; in 1975, 117%. Thus any procedure that tends to lengthen the base of the simulated hydrograph from that of the observed will tend (within limits) to produce closer agreement in the simulated and observed discharge rates. In the case of a shortening of the time base of the surface runoff hydrograph, the reverse is true. These effects would be greater in 1975 than 1974 because of the larger Table 2 lists the dates streamflow begins for the simulated and observed hydrographs. From these data and Fig. 5 a and b it is evident that the infiltration routine, INFR = CONSTANT * MELT, produces a hydrograph in which the start of streamflow occurs in advance of the observed flow. Conversely, with INFR = MELT, the beginning of runoff is delayed. In both 1974 and 1975 the snowmelt sequence was delayed and for this pattern, as previously discussed, these trends would be expected. In both years streamflow generated with the algorithm INFR = INDEX (6 d) started within I day of the observed flow.
No difference was found in the starting date of streamflow in the synthesized hydrographs with snowmelt infiltration indices based on periods of infiltration of 6 and 7 days. However, as shown in the data for 1975, when the index is assigned a high value (for example, that for a period of infiltration equal to 5 days) the effect is to delay the start of runoff in a manner similar to that obtained with INFR = MELT. The R' values for the simulated hydrographs for snowmelt infiltration indices of 6 and 7 days were 0. 75 and 0.68 in 1974 and 0.53 and 0.59 in 1975, respectively. Because the values are in reasonably close agreement each year the choice of 6 or 7 days for establishing the infiltration index would appear arbitrary. However, additional research is needed on larger watersheds and for different melt sequences to establish that period of infiltration having the widest application.
Summary
The paper presents a first-generation model describing snowmelt infiltration into frozen Prairie soils that may be interfaced with operational systems used in streamflow synthesis and forecasting. The concept on which the model is based assumes that frozen soils of a watershed can be grouped into three TABLE 2. Effect of different infiltration models on thc start of strcamflow, Creighton Tributary, 1974 and 1975 Ycar System classes according to their infiliration potential, namely, restricted (impervious, or most of the snow-cover water equivalent goes to runoff), limited (the amount of infiltration is governed by snow-cover water equivalent and the water or ice content of the I'rozen soil at the time of melt), and unlimited (a soil has the ability to absorb most of the snow water). An empirical expression describing the interrelationship between snowmelt infiltration, soil moisture content, and snow-cover water equivalent for the limited case is given. The main advantages of the model arc ( I ) it is simplc and easy to program; (2) it has a physical base; (3) it makes use of parameters that can be readily measured or observed; and (4) it does not require an extensive data base. Water-balance calculations of runoff volumes, where the model was applied to snowmelt events on a srnall watershed in southwestern Saskatchewan (Creighton Tributary) in 1974 and 1975 , showed the calculated volumes (snow-cover water equivalent minus infiltration, neglecting evaporation and storage) agreed within 17% of the measured flows.
Three different methods of sequencing the model in an operational streamflow forecasting system, the National Weather Service river forecasting system-Sacramento model (NWSRFS), are described and tested. It is shown that the infiltration algorithms significantly improved the performance of the NWSRFS in synthesizing streamflow from snowmelt on the Creighton Tributary over that obtained with the system when its land phase subroutine was unchanged.
It is also shown that an infiltration index approach, similar to that employed in rainfall-runoff studies, may be used to describe the process in soils of limited potential in operational systems. The findings suggest an initial value of the snowmelt infiltration index (millimetres per day) equal to the infiltration potential (millimetres) divided by 6 or 7 days.
